Animal models of the anterior segment (AS) of the eye are important for both understanding the pathologies and testing potential preventative therapeutics. Numerous animal models (mouse, rabbit, rat, guinea pig, zebra fish, chick embryo, dog, cat, bovine, monkey) have been developed for investigation of normal eye development and various corneal and AS pathologies.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6]\]

Various imaging modalities \[optical coherence tomography (OCT), confocal microscopy, and ultrasound biomicroscopy\] are applied to understand the pathologies of corneal diseases in animals. Spectral-domain (SD)-OCT is used as a cross-sectional, noncontact high-resolution imaging technique that can be safely used for diagnosis and follow-up with tomographic imaging of cornea, iris, lens, pupil, conjunctiva, ciliary body, anterior chamber, aqueous humor, and lens.

To the best of our knowledge, this is the first study reporting experimental OCT-guided AS imaging model in chick embryos. In this study, we examined whether chick embryo AS tissues and human AS tissues are similar in terms of anatomical, morphological, and histopathological characteristics with OCT images and investigated the suitability of chick embryo AS model as an experimental model. Through this model, we aimed to reveal similarities and differences between human AS tissues and chick embryo tissues.

Methods {#sec1-1}
=======

Animals {#sec2-1}
-------

A total of 10 fertilized specific pathogen-free (SPF) eggs were used for this study. All SPF eggs were placed in the incubator and monitored in the incubator at 37.5°C and 68% relative humidity. The first day of incubation was designated as day 1. On the 20^th^ day, SPF eggs were removed from the incubator. All embryos were sacrificed and chick eyes were removed from chick embryos under the dissection microscope. Only animals with normal AS and cornea were included in the study. This study protocol has been approved by institutional animal research ethics committe and all experiments were conducted in accordance with the animal research protocol of Afyon Kocatepe University Ethics Committee (approval number: AKUHADYEK-235-17).

SD-OCT measurements {#sec2-2}
-------------------

Each globe was placed and secured in a pad within the normal anatomical position. Corneal protection was provided with a topical balanced salt solution. *Ex vivo* AS imaging was performed with SD-OCT (Spectralis Heidelberg Engineering GmbH, Heidelberg, Germany) for all right eyes of the chick embryos. Comparisons among SD-OCT images of human tissues and chick embryo tissues were performed. In addition, quantitative semi-automated measurements were performed in the chick embryo SD-OCT images \[central corneal thickness, corneoscleral junction (limbal) thickness (μm), iris thickness, anterior chamber depth (ACD), and anterior chamber area\].

The measurements of corneal thicknesses across the central cornea were determined by calculating the distance between the top and bottom corneal boundaries in central segment. Similarly, the measurements were made from the region of the thickest areas for iris thickness and corneoscleral junction (limbal) thickness. The measurement of anterior chamber area was performed by marking the area of between the cornea and iris manually. The measurements of ACD across the central cornea were determined by calculating the distance between the bottom corneal and lens boundaries in central segment.

Histology {#sec2-3}
---------

Tissue samples of the globe were fixed in 10% neutral-buffered formalin after OCT imaging for histopathologic examination. Samples were dehydrated, histologically processed, and embedded in paraffin; 5-μm thickness sections of AS were taken and stained with hematoxylin and eosin (H and E). In addition, corneal sections were stained with periodic acid--Schiff staining. Selected samples were evaluated under a light microscope (Eclipse E-600; Nikon, Tokyo, Japan).

Statistical analysis {#sec2-4}
--------------------

Statistical analysis was performed with SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA). Means and standard deviations were calculated for continuous variables.

Results {#sec1-2}
=======

This proposed methodology paves the way for realizing a simple applicable morphological optical configuration for AS SD-OCT images of chick embryo consisting of conjunctiva, sclera, cornea, iris, ciliary body, and anterior chamber readings with achievable high resolution \[[Fig. 1](#F1){ref-type="fig"}\].

![Representative cross-sectional spectral-domain optical coherence tomography structural images of a chick embryo anterior segment. C: conjunctiva, CH: choroid](IJO-67-54-g001){#F1}

[Fig. 2a](#F2){ref-type="fig"} shows that the anterior surface of the cornea comprises a stratified squamous epithelium of five to seven cell layers. Epithelium lies above the Bowman\'s layer. White arrow indicates Bowman\'s layer. Black arrow indicates Descemet\'s membrane (DM), basal lamina of the corneal endothelial cells. Corneal stromal layer lies in between Bowman\'s layer and DM. The corneal stroma does not contain blood or lymphatic vessels. Endothelial cell layer can be seen just below the DM. These cells are in direct contact with the aqueous humor of the anterior chamber of the eye. Measurements of thickness on H and E-stained corneal cross sections are as follows: full thickness of the cornea: 220 μm, thickness of the corneal epithelium: 23 μm, thickness of the Bowman\'s layer: 3 μm, full thickness of stroma: 191 μm, thickness of the corneal endothelium: 4 μm, and thickness of the DM: 2 μm (H and E, ×200). When compared with histological images, SD-OCT images were able to successfully identify image distinct layers of the normal cornea (epithelium, Bowman\'s layer, stromal layer, and DM) \[Fig. [2a](#F2){ref-type="fig"}--[c](#F2){ref-type="fig"}\].

![(a) Hematoxylin--eosin-stained corneal cross sections showing the corneal stroma and corneal surfaces covered by different types of epithelium (H and E, ×200). (b) Cross-sectional spectral-domain optical coherence tomography image, (c) Periodic acid--Schiff-stained corneal cross sections showing the corneal stroma and corneal surfaces covered by different types of epithelium (Periodic acid--Schiff, ×40). Black arrow indicates Descemet\'s membrane, basal lamina of the corneal endothelial cells. White arrow indicates Bowman\'s layer](IJO-67-54-g002){#F2}

The iris is the only vascularized tissue in the anterior chamber. Moreover, the iris has some specific features relevant to fluid exchange with the aqueous humor and iris volume changes. The anterior surface of the iris is not covered with endothelium; instead, a modification of the stroma with a porous surface forms the anterior surface of the human iris.\[[@ref7][@ref8]\] The histological layers and SD-OCT images of chick iris tissue were similar to that of human tissues. However, the stroma layer seemed to be thinner than that of human\'s \[[Fig. 3](#F3){ref-type="fig"}\]. Interestingly, the anatomical organization and structure of the sphincter and dilatator pupil muscle and lens gross structure seemed very similar to the human iris tissue \[[Fig. 4](#F4){ref-type="fig"}\].

![(a) Photomicrograph of the iridocorneal angle of the chick eye showing iridocorneal angle, cornea, iris, and lens (×4). (b) Photomicrograph of the iridocorneal angle of the chick eye showing iridocorneal angle, sclera, choroid, iris, and conjunctiva (×100). Iris has two layers; anterior pigmented fibrovascular stroma and posterior pigmented epithelial cells. (c) Cross-sectional spectral-domain optical coherence tomography images showing iridocorneal angle](IJO-67-54-g003){#F3}

![(a) Photomicrograph of the iris, choroid, and retina of the chick embryo eye (×10). (b) Photomicrograph of the lens tissue of the chick embryo eye (×40)](IJO-67-54-g004){#F4}

Quantitative semi-automated measurements performed with SD-OCT device revealed the following: mean central corneal thickness: 213.4 ± 7.05 μm (197--223 μm), mean anterior chamber depth: 878.9 ± 41.74 (804--919 μm), mean anterior chamber area: 2.43 ± 0.16 mm^2^ (2.17--2.73 μm), mean corneoscleral junction (limbal) thickness: 322.8 ± 20.05 μm (289--360 μm), and mean iris thickness: 230.4 ± 13.27 μm (203--245 μm) \[[Table 1](#T1){ref-type="table"}\]. Semi-automated anterior chamber area measurements were taken with marked by the line between the cornea and iris with SD-OCT \[[Fig. 5](#F5){ref-type="fig"}\]. In the chick embryo eyes, the corneal thickness measured using OCT and histopathology showed similarity.

###### 

Anterior segment optical coherence tomography measurement parameters of the chick eye

![](IJO-67-54-g005)

![Cross-sectional anterior segment spectral-domain optical coherence tomography images. (a) Measurements of the thickness of the chick embryo cornea: 213 μm; anterior chamber depth: 895 μm; corneoscleral junction (limbal) thickness: 307 μm; iris thickness: 240 μm. (b) Anterior chamber area marked by blue line](IJO-67-54-g006){#F5}

Discussion {#sec1-3}
==========

To the best of our knowledge, this is the first preliminary study developing a novel imaging chick embryo model as an experimental animal model to assess the morphology of AS structures and morphometric measures using AS-OCT. Anatomical structures such as the cornea, anterior chamber, iridocorneal angle, and iris have been evaluated in detail using SD-OCT. These imaging findings were supported by histologic assessments conducted on the same animal model. The findings of this study showed that chick embryo AS OCT images and histopathological structure correlated strongly with human AS tissues in this model.

Rabbit, mice, rat, monkey, and pig are the most widely used experimental animals for corneal investigation. However, there are some anatomical differences between these animals and humans in AS structure.\[[@ref9][@ref10]\] For example, the rabbit eye used in many experimental studies is anatomically different from the human eye because of the absence of the Bowman\'s layer.\[[@ref11][@ref12][@ref13]\] The sizes of the mice and rat cornea that consist of five layers are quite small when compared with human eye.\[[@ref14]\] Although rhesus monkeys are regarded as the closest model to the human eye in terms of morphology, physiology, and pharmacological response, this model is expensive and difficult to apply. For these reasons, novel animal AS models are needed.\[[@ref12]\]

The main advantages of using chick embryo model are being easy to handle, easily repeatable and significantly inexpensive affordable when compared to other animal models. Furthermore, the entire embryological period is completed in as little as 21 days. From the first embryological period, eye tissue can be easily disected the as the largest and easily distinguishable organ.

Several studies have shown that the anatomy and histology of the chick AS tissues are similar in size and appearance to human tissues.\[[@ref9][@ref10][@ref15][@ref16]\] Fowler WC *et al*. showed that despite the difference in collagen content, chicken corneas have the closest histologic features to humans. In addition, they found that component layer distribution (as the ratio to total thickness) of the chicken cornea was closely parallel to the human cornea. They suggested that chicken corneal wound-healing model was more compatible with human corneal physiology than current models.\[[@ref9]\] However, in their studies, adult chickens were used.

Animal studies on the iris and iridocorneal angle have assisted in understanding the etiology of glaucoma and the development of therapies.\[[@ref17][@ref18][@ref19]\] The changes in iris position and volume are especially important in terms of understanding the pathogenesis of angle-closure glaucoma.\[[@ref20]\] In addition, blood-aqueous barrier is one of the preliminary parameters for glaucoma investigations. Previous two studies reported that the chicken eye has a relatively stable blood-aqueous barrier. The stability of blood-aqueous barrier relative to experimental animals has been reported as follows: chickens ≥ ducks \> rhesus monkeys ≥ owl monkeys \> cats \> guinea pigs ≥ rabbits.\[[@ref9][@ref12]\]

Histological and anatomical structure of the iridocorneal angle and iris of chick embryo is strongly similar to that in human. As iris thickness is easily measurable and the iridocorneal angle can be easily displayed in detail with SD-OCT, AS-OCT analysis in chick embryo may offer assistance in evaluating and researching the mechanisms of glaucoma, especially congenital and angle closure types.

The development of the visual system is a complex process that includes combinatorial action of many factors and cellular interactions to generate highly organized and specialized ocular structures.\[[@ref21][@ref22]\] According to the reported developmental staging series in the development of chick embryo, chick eye development starts at embryonic stage 9 (29--33 h after fertilization) with the formation of optic vessels.\[[@ref23]\] The lens-placode is present at stage 14 (50--53 h) and the optic cup is shaped at stage 15 (50--55 h).\[[@ref23]\] The main AS structures in the chick are developed before hatching.\[[@ref24]\] In previous studies, chick embryos were sacrificed at different time points for histological and further examinations, and there is not a standard protocol for ocular assessments of the developing chick embryos.\[[@ref25]\] Since the embryological chick has a 21-day life cycle, we analyzed the chick embryos on the 20^th^ day of embryonic development, at complete developmental period up before hatching. However, only examination of the embryological end-stage (20^th^ day) may be accepted as a limitation of our model. Serial assesments of different stages of embryological development might be more informative to clarify the exact developmental stages of the AS structures.

However, this study may be accepted as a pilot study showing AS OCT image similarities between chick and human eye tissues, and a detailed AS SD-OCT study covering all embryological periods might be more informative. In addition, we also recommend investigating the differences in the biochemical and physiological characteristics of the cornea and AS tissues between the chick embryo cornea model and humans in future studies.

Conclusion {#sec1-4}
==========

In terms of ethics of animal experimentation and reduced stress to animals, our work is more acceptable and easy to apply compared with other models. This embryo model is also useful for studying the development of AS structures. This model can help understand the teratogen-induced malformations and AS dysgenesis during gestation. In conclusion, this chick embryo model mimics human tissues and it can be considered as a platform for the study of mechanisms and therapeutic agents of AS tissues. In addition, this study demonstrates the feasibility of OCT in the quantitative assessment of AS structures in chick embryo model.
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